[1] The formation of aerosols, and subsequent cloud condensation nuclei, remains one of the least understood atmospheric processes upon which global climate change critically depends. Under atmospheric conditions, the process of homogeneous nucleation (formation of stable clusters $ 1 nm in size), and their subsequent growth into new particles (>3 nm), determines the aerosol and cloud nuclei population, yet, hitherto, no theory has elucidated the new particle formation phenomenon in detail. In this study, we present a new theory which provides a mechanistic explanation for new particle formation via activation of stable inorganic clusters by organic vapors. The new nano-particle activation theory is analogous to Köhler theory which describes cloud formation in a supersaturated water vapor field but differs in that it describes the activation of inorganic stable nano-clusters into aerosol particles in a supersaturated organic vapor which initiates spontaneous and rapid growth of clusters. Inclusion of the new theory into aerosol formation models predicts that increases in organic vapor densities lead to even greater increases in particle production, which, in turn, will influence the global radiative cooling effect of atmospheric aerosols. 
Introduction
[2] Atmospheric aerosol particles contribute directly to the global radiative balance through the direct backscatter of solar radiation by haze and cloud layers [Charlson et al., 1987 [Charlson et al., , 1992 Houghton et al., 2001] ; however, this system comprises the greatest uncertainty in terms of future climate change prediction [Houghton et al., 2001] . The concentration of aerosols is strongly influenced by new particle formation yet, the qualitative, and in particular, the quantitative understanding of atmospheric nucleation processes is far from complete [Seinfeld and Pandis, 1998 ].
[3] New particle formation is a two-stage process : the first stage comprises homogeneous nucleation of thermodynamically stable clusters, while the second stage involves condensation and coagulation growth of the clusters into quasi-stable aerosol particles (typically d > 3 nm). If the growth is not sufficiently fast, the clusters coagulate with, and are removed by, the preexisting aerosol population and no new particle formation results O'Dowd et al., 2002a] . It is now generally accepted that, under tropospheric conditions, the most likely nucleating species are H 2 SO 4 , H 2 O, and NH 3 , forming clusters of $1 nm in diameter although it should be noted that very rarely is H 2 SO 4 abundant enough to drive the growth of clusters into sizes larger than 2 nm and therefore they do not become detectable particles O'Dowd et al., 2002b] . Furthermore, there are typically insufficient clusters produced to allow notable growth by coagulation . Therefore the question remains: what process can drive the growth of clusters into stable aerosol particles?
[4] Recently conducted modeling studies suggest that condensation of organic low-volatile vapors play a key role in the growth of freshly-formed clusters and particles [e.g., Kerminen, 1999; Kerminen et al., 2000; Kulmala et al., 2001; Anttila and Kerminen, 2003] . Recent laboratory experiments also indicate that heterogeneous reactions might enhance uptake of organic vapors by particles [Tobias and Ziemann, 2000; Jang et al., 2002; Noziére and Riemer, 2003 ], while it is not known whether these reactions can influence particle growth under real atmospheric conditions. Zhang and Wexler [2002] have suggested that heterogeneous reactions may help nanometer-sized fresh atmospheric nuclei over the huge Kelvin barrier that would prevent condensation of pure organic vapors. Field measurements indicate that organic vapors are the dominant contributors to nano-particle chemical composition [Marti et al., 1997; Kavouras et al., 1998; Leaitch et al., 1999; Kavouras and Stephanou, 2002; O'Dowd et al., 2002c] , particularly in regions where biogenic volatile organic compound emissions are high. What is lacking, however, is a detailed theoretical framework that could be readily applied to explain and quantify the formation of organic nano-particles in the atmosphere. In particular, thermodynamic interactions between organic and inorganic compounds present in growing clusters and particles have been neglected so far.
[5] The present study aims to fill the above-discussed gap by presenting a novel theory that is analogous to Köhler theory which describes the formation of cloud droplets due to spontaneous condensation of water vapor. Our main goals are to show that significant aerosol formation may take place in the atmosphere via such a mechanism and that the theory developed improves the current understanding concerning the feedbacks between aerosols, clouds and climate.
Nano-Köhler Theory
[6] As discussed in the Introduction, there is convincing experimental evidence for the prevalence of condensed organic species in new 3 -5 nm particles [O'Dowd et al., 2002c] . However, a theoretical explanation for this phenomenon is lacking since homogeneous nucleation of organic vapors under atmospheric conditions is not thermodynamically viable. Figure 1 illustrates the Kelvin equilibrium curve for a generic organic vapor with thermodynamic properties constrained to replicate observations (a detailed discussion of these properties is presented below). For homogeneous nucleation of a 1 nm organic cluster to occur, organic vapor saturation ratio in excess of 10 4 -10 5 are required. Previous analysis indicates that the vapor concentration is between 10 7 and 3 Â 10 8 cm À3 and the maximum saturation vapor pressure corresponds to a concentration of $10 6 cm À3 Kerminen et al., 2000; Anttila and Kerminen, 2003] . These estimates of the saturation vapor pressure for the organic vapor have been corroborated by very recent laboratory studies into organic vapor nucleation where a maximum value of 2.9 Â 10 6 cm À3 was derived [Bonn and Moortgat, 2003] . Therefore the estimated saturation ratios in the atmosphere during nano-particle formation and growth events lie between unity and 100 which is well below that required for homogeneous nucleation. Obviously, lower saturation vapor pressures will lead to higher saturation ratios than those estimated here.
[7] To further elucidate the role of organic compounds in atmospheric particle formation, we have developed a new theoretical framework which provides a mechanistic explanation behind organic new particle formation. This theory is analogous (see Table 1 ) to a traditional Köhler theory [Köhler, 1936; Laaksonen et al., 1998 ] which describes the nucleation of cloud drops on water soluble aerosol nuclei. However, in contrast to the traditional Köhler theory, the Nano-Köhler theory describes a thermodynamic equilibrium between a nanometer-size cluster, water and an organic compound that is fully soluble in water, i.e., it does not form a separate solid phase but is totally dissolved into Figure 1 . Comparison of Kelvin equilibrium curve for a pure organic droplet and nano-particle equilibrium curves for clusters with initial nuclei sizes of 1.5, 1.7 and 2 nm. The range of saturation ratios expected for condensable organic vapors based on analytical estimates is highlighted. Also shown is the e-folding lifetime, i.e., the inverse of the coagulation sink, of nanometer-size particles. [Köhler, 1936; Laaksonen et al., 1998] Here Q is the production rate of condensing vapour, P 0 is its saturation pressure and CS is the condensation sink.
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KULMALA ET AL.: ORGANIC AEROSOL FORMATION the solution. Furthermore, organic and inorganic compounds present together in growing clusters form a single aqueous solution. It is also assumed that gaseous sulphuric acid condenses irreversibly into clusters along with ammonia so that a molar ratio of 1:1 is maintained between the concentrations of these two compounds in the solution. This ratio corresponds to ammonium bisulphate and is consistent with the calculated composition of clusters that are formed from ternary sulphuric acid-water-ammonia nucleation . In practice, these assumptions lead to aqueous-phase concentrations of the organic compound ranging from <0.1 M in clusters having a diameter <2 nm to around 5 M in newly-formed particles with a diameter >10 nm. These values are in agreement with observed aqueous-phase concentrations of atmospherically relevant organic compounds [Saxena and Hildemann, 1997] .
[8] The thermodynamic phase equilibrium for water (wat) and water-soluble organic vapor (os) are determined by the following equations ]:
Here the parameter S i is the equilibrium saturation ratio of the compound i, x i is its mole fraction in the solution, g i is its activity coefficient, a i corresponds to Kelvin term and d c is the cluster diameter. The Kelvin term is given as follows:
where s is the surface tension, v i is the molar volume of the compound i, R is the ideal gas constant and T is the temperature.
[9] In order to solve the above-presented equations simultaneously, the surface tension and activity coefficients of both water and the organic compound need to be estimated. Here we apply a simplified, yet non-ideal thermodynamic model which can be readily implemented into aerosol dynamical models. We assume that that the multicomponent system behaves as a pseudobinary [Petersen et al., 2001] , which permits us to treat solution as if it were consisting of two components only: the first one is the organic compound and the second one ammonium bisulphate in ionic form together with associated water. The pseudobinary activity coefficients are determined using Van Laar equations, and the activity coefficient of water is obtained by multiplying the pseudobinary activity coefficient, g pb , by that of water in a pure water-ammonium bisulphate solution [Tang and Munkelwitz, 1994] . Accordingly, the activity coefficients g os and g wat are calculated using the following equations:
Here a and b are van Laar coefficients, x pb the mole fraction of the pseudobinary compound, x pb = 1 À x os , and w and x wat are the weight fraction of ammonium bisulphate and the mole fraction of water, respectively, in a binary waterammonium bisulphate solution: w = m a n a /(m a n a + m wat n wat ), and x wat = n wat /(n wat + 2n a ), where m a and m wat are the molecular weight of ammonium bisulphate and water, respectively, and n a and n wat are the numbers of moles of these compounds in the solution, respectively.
[10] For the surface tension we apply an equation that has been used to fit surface tensions of aqueous carboxylic acid solutions [Alvarez et al., 1997] :
where s wb and s os are the surface tensions of waterammonium bisulphate solution (International Critical Tables  of Numerical Data New York, 1926 -1933 and the organic compound, respectively, and c and d are free parameters.
[11] To complete the thermodynamic equations, the volumetric properties of the ternary solutions composed of water, ammonium bisulphate, and the organic compound, have to be specified. For simplicity, we approximate the partial molar volumes by the molar volumes of the pure compounds, which are v wat , v a , and v os , respectively. Furthermore, the organic compound is assumed to be a surfactant, i.e., condensed organic matter is partitioned between the bulk solution and surface so that the equation resulting from a sum of Gibbs-Duhem equation and Gibbs adsorption isotherm holds [Laaksonen, 1993] .
[12] The equations (3) and (4) describing the thermodynamics of the ternary solutions contain six free parameters that need to be fixed, namely a, b, c, d, s os and v os . To narrow down the parameter space, we utilize data on hygroscopic properties of 10 nm particles measured at continental forest site [Hämeri and Väkevä, 2000] . Hämeri and Väkevä measured growth factors mostly at 90% RH, and the maximum median growth factors were observed to be $1.28. They also made two scans of growth factors at relative humidities between 71-90%. Both of these series were measured during the same aerosol formation event so that the first scan was made between noon and 2 pm, and the second scan between 3 pm and 5 pm. Furthermore, the measured growth factors of the first series were somewhat larger than those of the second series, which was presumably caused by a larger fraction of ammonium bisulphate present in the particles. Hämeri et al. [2001] determined socalled soluble mass fractions of the particles from the hygroscopic growth data, assuming that the only water soluble compound in the particles is ammonium sulphate. The soluble mass fraction determined in this manner, corresponding to the growth factor of 1.28, was roughly 65%. On the basis of measured growth rates of newlyformed particles and typical gas-phase sulphuric acid concentrations at the measurement site, it is obvious that the 10 nm particles contain a clearly lower percentage of sulphate, roughly 20-30%.
[13] In practice, the fitting of the free parameters was done as follows: we assumed that the composition of the dry D04205 KULMALA ET AL.: ORGANIC AEROSOL FORMATION growth factor of 1.28 was 30% by volume of ammonium bisulphate and 70% of the organic compound. We then fitted the free thermodynamic parameters in such a way that the measured growth factor was reproduced to a good accuracy (with the final set of thermodynamic parameters, the calculated growth factor corresponding to the 30/70 composition is 1.281 at 90% RH). In the second stage of the procedure we increased the organic fraction of the dry 10 nm particles up to 80%, and checked whether the growth factor scans can be reasonably reproduced. The results of the fitting procedures are given in Tables 2 and 3. Table 2 gives the values of the fitted thermodynamic parameters, and Table 3 shows a comparison of the measured growth factor series and those calculated using the parameters presented in Table 2 . As seen, the agreement is quite reasonable.
[14] The set of parameters shown in Table 2 is non-unique in the sense that there exist other parameter sets that would have reproduced the measured growth factors equally well or even better. Furthermore, the assumed ratio of ammonium bisulphate to organic compound in the dry particles affect the values of the parameters. However, it should be noted that after the values of v os and the surface tension parameters had been fixed, the intervals within which the other parameters had to be chosen in order to reproduce the hygroscopic growth were quite narrow. Therefore the parameter set shown in Table 2 is largely a result of choosing reasonable compromise values for molecular volume of the organic species and for the surface tension parameters, and then performing finetuning with the other parameters. For sensitivity test purposes, we developed alternative thermodynamic parameter sets by assuming variable ammonium bisulphate volume fractions in the range of 20-40% for the 10 nm particles with growth factor of 1.28, and tuning the v os values so that the hygroscopic growth data were reasonably reproduced. The sensitivity tests are described in the next section.
[15] The resultant equilibrium curves for the organic species condensing onto salt-water nuclei, 1.5, 1.7 nm and 2 nm in diameter, are illustrated in Figure 1 . It is readily seen that equilibrium conditions occur at 3 to 4 orders of magnitude lower saturation ratios than that required for a pure organic drop. In essence, the clusters behave as nuclei for organic aerosol nucleation in a similar manner that aerosols behave as nuclei for cloud droplet nucleation. And in like manner, the larger the nucleus size, the lower the supersaturation required for activation. For example, a stable cluster with initial size of 1.5 nm requires a saturation ratio of $100 for activation, above which the cluster will spontaneously grow into an aerosol particle, while for an initial stable cluster size of 2.2 nm, activation occurs at a saturation ratio of $15. Additional calculations (not illustrated by a figure) were conducted to investigate the sensitivity of the activation size to the saturation ratio. These calculations revealed that in a saturation ratio range of unity to 1000 the cluster activation diameter varies from $5 nm to 1.3 nm. In comparison, the present nucleation theories predict that the size of thermodynamically stable clusters resulting from nucleation of water, ammonia and sulphuric acid is $1 nm in diameter .
[16] As mentioned previously, if the clusters are not activated soon enough, they are scavenged by the preexisting aerosol. This effect is best illustrated by examining the e-folding lifetime (= coagulation rate
À1
) of particles as a function of size, also shown in Figure 1 . Compared to a 1 nm particle, a particle of 6 nm is 20 times more likely to survive. As the particle size increase further to 15 nm, the e-folding lifetime is increased to 100 times that of a 1 nm particle. In practice, 1 nm particles cannot survive since their growth rate without activation is too low to overcome the coagulation sink.
Aerosol Dynamics Simulations
[17] The impact of the nano-particle equilibrium theory must be examined in terms of aerosol dynamics in order to predict the yield of aerosol particles as a function of organic vapor density. To this end, we constructed a sectional aerosol dynamics box model that accounts for nucleation, coagulation, and condensation of vapors, gas-phase processes producing organic condensable vapors and coupled nano-particle thermodynamics. Sulphuric acid vapor is produced by the oxidation of SO 2 by OH, following a diurnal cycle and leading to a maximum gas-phase concentration of 5 Â 10 6 cm À3 . For simplicity, the organic production rate is kept constant during the model run. The pre-existing aerosol size distribution comprises two lognormal modes corresponding to the Aitken and Accumulation modes spanning the size range 0.01-1 mm and split into 40 size classes. The time evolution of both clusters and nucleation mode classes is split into 100 moving size classes. The condensation sink, typical for a continental boundary layer [Dal Maso et al., 2002] , is initially 0.002 s
À1
. Nucleation rate is fixed at 100 cm À3 s À1 resulting in a pseudo-constant reservoir of thermodynamically stable clusters of between 60,000 -100,000 cm In the first series, the dry particles consist of 25% of ammonium bisulphate and 75% of an organic compound. In the second series, the respective mass fractions are 22 and 78%.
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[18] Numerical simulations were conducted using three different organic production rates corresponding to gas-phase concentrations of 3, 6 and 12 Â 10 7 molecules cm À3 , respectively. The dynamic evolution and increase in particle concentration is illustrated in Figure 2 . In the inset figure, it can be seen that without the new activation theory, minimal growth of the clusters is observed even after 8 hours; however, when activation of the clusters by the organic vapor is included, for an organic vapor concentration of 3 Â 10 7 cm
À3
, a rapid increase in growth is initiated after $2.5 hours, leading to a particle size of 20 nm after 8 hours. As the concentration of the organic vapor is increased, the activation time is reduced and the growth rate is increased further. For the higher organic vapor scenario of 12 Â 10 7 cm À3 , activation is initiated after $1.7 hours, leading to a particle size of 90 nm after 8 hours.
[19] In terms of increases in total particle concentration, we choose to present the increase in particle concentration at sizes larger than 15 nm since particles above these sizes posses a very high probability of surviving and growing into sizes where they directly scatter solar radiation (d > 100 nm) and behave as cloud condensation nuclei. For the lower organic vapor concentration scenario (3 Â 10 7 cm
) and increase in aerosol concentration of $1000 cm À3 is achieved after 10 hours while doubling the organic vapor concentration to 6 Â 10 7 cm À3 leads to an increase of $4000 cm À3 in the concentration. Increasing the vapor concentration further to 12 Â 10 7 cm À3 leads to an increase in the aerosol concentration to $6000 cm À3 over a period of 10 hours. In summary, for moderately low concentrations of organic vapors, a 100% increase in the vapor concentration results in a 400% increase in the number of particles having a diameter >15 nm over a period of 10 hours while at moderately high vapor concentrations 100% increase leads to an additional 50% increase in the particle number concentration at the discussed size range. The maximum number concentration of secondary particles having a diameter above 3 nm is around 2300, 4500, and 6500 cm À3 , respectively, in these three model runs.
[20] The model simulations illustrate that prior to the activation, the cluster growth is driven by H 2 SO 4 condensation. This leads to a dual step process, one involving sulphuric acid and organic vapor condensation growth of the nuclei to the threshold size and the other involving organic condensation during activation. Sensitivities studies indicate that, for organic aerosol formation to occur, two requirements must be met: (1) sulphuric acid concentrations must be of the order of 2.5 Â 10 6 molecules or higher otherwise, the clusters are scavenged before they can be activated; and (2) the condensable organic vapor concentration must be greater than $10 7 molecules cm
. Higher concentrations of sulphuric acid will result in activation at lower organic vapor concentrations.
[21] To study the sensitivity of the aerosol dynamics to the thermodynamic model chosen and the assumption concerning the composition of the 10 nm particles measured by Hämeri et al. [2001] and Hämeri and Väkevä [2000] , we refitted the thermodynamic parameters by assuming that the volume fraction of ammonium bisulphate in the 10 nm particles with growth factor of 1.28 is either 40% or 20%. In the former case it was sufficient to grow the molar volume of the organic molecule by a factor of 1.5 and in the latter case to shrink it by a factor of 0.75 to be able to reproduce the hygroscopic growth data shown in Table 3 . These changes led to increase of the Köhler curve maxima for the 1.5 nm particles of Figure 1 roughly by a factor of 100 in the former case, and to a decrease by a factor of roughly 10 in the latter case. The aerosol dynamics simulations were repeated by using the altered organic molecular volumes together with altered organic saturation vapor pressures in order to ensure that the gas phase concentrations of the organic vapor stayed at levels needed to reproduce observed growth rates. Thus, in the first sensitivity test, the volume of the organic molecule was increased by a factor of 1.5 and its saturation vapor pressure was decreased by two orders of magnitude. These changes had minimal effects on the aerosol formation dynamics shown in Figure 2 . In the second test, the volume of the organic molecule was decreased by a factor of 0.75 and its saturation vapor pressure increased by one order of magnitude. Compared to the base case, 3 nm particle formation rates grew maximally by 20% and the concentrations of newly formed particles increased at maximum by a factor of 1.25. Thus these tests do not indicate that the aerosol formation dynamics depends very sensitively on the assumed composition of the 10 nm particles observed by Hämeri et al. [2000 Hämeri et al. [ , 2001 and used in constraining the thermodynamic parameters. It should once again be pointed out, however, that there are other thermodynamic parameter sets that will produce similar hygroscopic behavior for the 10 nm par- Figure 2 . Growth of sulphate clusters and resulting nanoparticles as a function of time for organic vapor (OV) concentrations 3, 6 and 12 Â 10 7 molecules cm À3 (inset). The point of activation is highlighted by the dot on the curve. Also shown is the time evolution of the cluster size without nano-particle equilibrium theory incorporated into the dynamics model. The time evolution of the increase in concentration for particle sizes greater than 15 nm is shown in the main plot for the three organic vapor scenarios.
D04205
KULMALA ET AL.: ORGANIC AEROSOL FORMATION ticles. Studies of whether some of these alternative thermodynamics result in strongly modified particle formation dynamics will be left to the future.
Discussion and Conclusions
[22] The obtained results contain inevitably some uncertainties. One of their major sources consists of the applied thermodynamic model described in section 2. Freshlynucleated clusters comprise of highly concentrated solutions that exhibit strongly non-ideal behavior and owing to the extremely small size of these clusters, the magnitude of the Kelvin effect depends strongly on the cluster surface tension and molecular volume of condensing molecule. This highlights the need to predict accurately the cluster surface tension and activity coefficients which can be only done by using a sufficiently sophisticated thermodynamic framework. While more comprehensive models than the one applied here have been developed [e.g., Clegg et al., 2001; Ming and Russell, 2002] , their use requires thermodynamic data that is not presently available. Furthermore, use of such models in aerosol dynamic codes would be computationally very expensive. The strength of the chosen approach lies in its computational efficiency and the ability to extract the required parameters from the HTDMA data.
[23] The choice of the required thermodynamic parameters contains also some uncertainties. Because actual organic compounds involved in atmospheric particle formation are not known at present and the knowledge concerning the physico-chemical properties of organic compounds identified in the atmosphere is sparse, several assumptions must be made on the properties of condensing organic compound. For example, it was assumed that the organic compound was water-soluble which is consistent with the finding that organic nano-particles formed in a boreal forest have high hygroscopic growth factors [Hämeri et al., 2001 ]. However, in some different atmospheric environment organic vapors driving particle formation might be slightly-soluble or totally water-insoluble. Such compounds cannot be included in the applied model since it does not account for a possible phase separation taking place in growing clusters or particles. It was also assumed that the condensing organic vapor does not participate in any heterogeneous reactions that might increase compound uptake. These remarks illustrate difficulties in quantifying errors contained by the approach and the need to obtain more physico-chemical data on atmospheric organic compounds.
[24] While containing some uncertainties that can be resolved in the future, the new theory underpins the essential processes involved in formation of organic particles from freshly-nucleated inorganic clusters and provides a mechanism for more accurate representation of organic aerosol formation processes in global climate prediction models. Furthermore, it also suggests that small increases in the availability or production of organic vapors will lead to large increases in the aerosol population. Such an increase in production of condensable organic vapors could result from increasing oxidant concentrations (e.g., ozone) associated with globally increasing pollution levels. The resultant increase in aerosol concentrations would have a significant impact on the global radiative cooling of aerosols and clouds and therefore global climate change.
